INTRODUCTION
============

Tetralogy of Fallot (TOF) is the most common cyanotic congenital heart disease ([@B1]). With advancements in the field of surgery and medicine, clinical outcomes have improved and patients generally survive to adulthood after corrective surgery ([@B2]). However, late aortic root dilatation is a growing concern among patients after TOF repair, as one of the late complications affecting long-term prognosis ([@B3][@B4]).

Aortic dilatation has been reported after total correction of TOF in as many as 87% of cases, of which approximately 12% have aortic valve regurgitation and require surgical correction ([@B5][@B6][@B7]). Moreover, some studies have reported that aortic dilatation may progress to aortic aneurysm or aortic dissection ([@B8][@B9]). However, there have been few reports on the aortic hemodynamic characteristics and associated clinical factors in patients with repaired TOF.

Four-dimensional (4D) flow magnetic resonance imaging (MRI), a time-resolved three-dimensional phase-contrast MRI with three-directional velocity encoding, is an evolving technique for visualization and quantification of vessels of interest ([@B10][@B11]). Recently, 4D flow MRI has been used not only for visualizing the vascular flow pattern of interest, but also for measuring quantitative hemodynamic factors like the wall shear stress (WSS) and flow eccentricity ([@B12][@B13][@B14]).

The aim of our study was to evaluate the characteristics of flow patterns in the ascending aorta (AA) with 4D flow MRI and to determine the possible predictors of aortic dilatation late after TOF repair.

MATERIALS AND METHODS
=====================

Study Population
----------------

Forty-four adult patients (25 males and 19 females; mean age, 28.9 ± 8.4 years) with repaired TOF were prospectively enrolled and underwent 4D-flow MRI of the heart and thoracic aorta. 4D-flow MRI was added to the standard cardiac MRI, which was clinically indicated. Eleven healthy young adult volunteers (10 males and 1 female, mean age, 33.7 ± 8.8 years) without any history of cardiovascular disease were included as a control group. For patients with repaired TOF, demographic data, echocardiographic measurements, and surgical histories were obtained from electronic medical records. Our Institutional Review Board approved this study, and informed consent was obtained from each participant.

For subgroup analysis, we divided the patients group using 'threshold regression model' for detecting change point at nonlinear relationship between aortic dimension and mean WSS. Using the obtained threshold AA dimension and matched mean WSS value, we divided the patients in four subgroups as combination of high or low WSS with aortic dilatation or without aortic dilatation groups. We also divided the patients simply in two groups as aortic dilatation or aortic non-dilatation group using the same threshold value.

MRI Protocol
------------

All patients and volunteers were scanned using a 3T system (MAGNETOM Trio, Siemens Healthineers, Erlangen, Germany) with an 8-channel body-phased array coil. 4D-flow MRI was performed during free breathing with electrocardiogram gating and with a respiratory navigator placed on the lung-liver interface, covering the thoracic aorta. The 4D flow sequence parameters were as follows: velocity-encoding of 200 cm/s in three directions, voxel size: 2.08 × 1.56 × 3 mm^3^, temporal resolution: 41.2--60.0 ms, echo time/repetition time: 2.58--2.62 ms/2.52--2.64 ms, flip angle: 15°, field of view: 233 × 340 mm, and scan matrix: 99 × 192 mm.

Image Analysis
--------------

Using an outsourcing software implemented in MATLAB (MathWorks, Inc., Natick, MA, USA), 4D flow data were analyzed through a semi-automated pipeline ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). Data were processed according to the developer\'s original protocol ([@B14]). Data analysis included analysis of aortic diameters, velocity, WSS, flow jet angle (FJA), and flow displacement (FD) at the level of the sinotubular junction (STJ) and mid-AA. The definitions of hemodynamic parameters were explained detail in [Table 1](#T1){ref-type="table"}. In addition to hemodynamic parameters in 4D-flow MRI, we measured aortic diameters at 5 levels (aortic sinus, STJ, AA, proximal descending aorta at pulmonary arterial level, and distal descending aorta at diaphragm level) in 4D flow MRI and conventional cardiac function parameters through standard MRI sequences. Through multi-planar reconstructed 4D flow magnetic resonance images, we measured aortic diameters perpendicular to aortic centerline in peak systolic phase, which we segmented AA in this study.

Statistical Analysis
--------------------

The Mann-Whitney U test was used to compare 4D-flow parameters between groups. Spearman\'s correlation test was used to determine whether the diameters at the STJ and AA were significantly correlated with 4D-flow parameters and clinical parameters. The threshold regression model was used to determine the cutoff for parameters at the smoothing spline curve ([@B15]). Through this analysis, we obtained the threshold values of WSS_mean and the corresponding aortic diameter that can best delineate the groups with different characteristics at the AA level. For comparisons between subgroups, which were divided by previous thresholds, Fisher\'s exact test and Mann-Whitney U test were used. Statistical analyses were performed using SPSS software package (version 23.0, IBM Corp., Armonk, NY, USA) and R (version 3.5.0, R Foundation for Statistical Computing, Vienna, Austria). *P* \< 0.05 was considered statistically significant.

RESULTS
=======

Characteristics of the Study Population
---------------------------------------

There was no significant difference in mean age between the repaired TOF (28.9 ± 8.4 years) and volunteer (33.7 ± 8.8 years) groups. In the repaired TOF group, 5 patients had aortic valve regurgitation (≥ grade I/IV on echocardiography), 4 had residual ventricular septal defect (VSD) at the time of 4D flow MRI, 12 had right-sided aortic arch, and 4 had undergone palliative surgery (e.g., Blalock-Taussig shunt) before total corrective surgery. The mean age at the time of total corrective surgery for TOF was 4.6 ± 7.0 years.

Comparison between Repaired TOF and Volunteer Groups
----------------------------------------------------

Aortic diameters corrected by body surface area (BSA) at the level of the aortic sinus, STJ, and AA were significantly higher in the repaired TOF group than in the volunteer group (*p* = 0.002, *p* \< 0.001, and *p* = 0.013, respectively). However, the diameters of the proximal and distal descending aorta were not significantly different between groups (*p* = 0.966 and *p* = 0.643, respectively) ([Table 2](#T2){ref-type="table"}, [Fig. 1](#F1){ref-type="fig"}).

The maximal and mean velocities, maximal and mean WSS, and mean WSS in the axial and circular direction were significantly lower (*p* = 0.002, *p* \< 0.001, *p* = 0.003, *p* \< 0.001, *p* = 0.023, and *p* \< 0.001, respectively) and FJA was significantly higher (*p* \< 0.001) at the level of the STJ in the repaired TOF group. The maximal and mean velocities, and mean WSS in the circular direction were significantly lower (*p* = 0.003, *p* \< 0.001, and *p* = 0.016, respectively) and the FJA significantly higher (*p* = 0.003) at the level of the AA in the repaired TOF group. About the FD, even though there were no statistical significance, we found repaired TOF patients show increased FD compared to healthy volunteers ([Table 3](#T3){ref-type="table"}).

Correlation between Hemodynamic Parameters and Aortic Dimensions
----------------------------------------------------------------

We analyzed the correlation between 4D flow MRI hemodynamic parameters and aortic diameters corrected by BSA. At the level of the STJ, mean velocity and WSS parameters were significantly correlated with STJ diameter (mean velocity: *p* = 0.002; maximal WSS: *p* = 0.015; mean WSS: *p* = 0.002; mean WSS in the axial direction: *p* = 0.030; mean WSS in the circular direction: *p* = 0.002). At the level of the AA, mean velocity, mean WSS, and mean WSS in the circular direction were significantly correlated with AA diameter (*p* \< 0.001, *p* = 0.024, and *p* = 0.004, respectively) ([Table 4](#T4){ref-type="table"}, [Fig. 2](#F2){ref-type="fig"}).

Comparison between Aortic Dilatation and Non-Dilatation Groups in the Repaired TOF Patients
-------------------------------------------------------------------------------------------

In the threshold regression analysis with smoothing spline curve, a WSS_mean of 0.289 Pa and matched aortic dimension of 17.02 mm/m^2^ at the level of the AA were obtained as thresholds ([Supplementary Fig. 2](#S2){ref-type="supplementary-material"}). Based on these values, we divided the patients into four subgroups: high WSS with or without aortic dilatation and low WSS with or without aortic dilatation ([Supplementary Table 1](#S3){ref-type="supplementary-material"}). There were no statistically significant differences between the four groups. However, in the subgroup analysis between aortic dilatation (n = 23) and non-dilatation (n = 21) groups, age at the time of TOF repair was significantly higher (*p* = 0.039) and FJA at the level of the AA significantly larger (*p* = 0.003) in the former. And we found that aortic dilatation group showed increased FD compared to aortic non-dilatation group, although there was no statistical significance ([Table 5](#T5){ref-type="table"}).

DISCUSSION
==========

This study was conducted to evaluate the characteristics of flow patterns in the AA with 4D flow MRI and to determine possible predictors of aortic dilatation late after TOF repair. We found that patients with repaired TOF showed significant aortic dilatation at the level of the aortic root and AA, but not the descending aorta, compared to healthy volunteers. FJA (representing flow eccentricity) was higher at both the STJ and AA, while WSS parameters and velocities were lower, in the repaired TOF group. The age at the time of TOF repair was significantly higher and FJA larger in patients with aortic dilatation than in those without aortic dilatation.

There have been reports on aortic dilatation and associated complications (such as aortic valve regurgitation and aortic dissection) in patients with repaired TOF ([@B5][@B6][@B7][@B8][@B9][@B16]). Niwa et al. ([@B3][@B17]) have reported that factors related to longstanding volume overload to the aortic root before TOF repair---such as severe right ventricular outflow tract obstruction, older age, a larger aortic size at the time of repair, and a history of aorto-pulmonary shunt---as well as male sex and right aortic arch are risk factors for aortic dilatation after TOF repair. However, there have been inconsistent reports on predictors of aortic dilatation after TOF repair ([@B4][@B18]). In this study, in line with previous reports, the age at the time of TOF repair was significantly higher in patients with aortic dilatation than in those without it. Male sex was correlated with aortic dilatation when uncorrected aortic dimensions were used; however, after correction by BSA, the correlation disappeared. Other clinical factors including history of aorto-pulmonary shunt and right aortic arch were not statistically different between the aortic dilatation and non-dilatation groups, which may be due to the small sample size of our study.

Nagy et al. ([@B19]) reported that aortic regurgitation and residual VSD were associated with increased odds of dilatation at the aortic root. In our study, more patients had aortic regurgitation in the aortic dilatation group (though the difference was not significant), which is concordant with results of Nagy et al. ([@B19]). However, we obtained a conflicting result for residual VSD, with more patients having residual VSD in the aortic non-dilatation group in our study, though the difference was not significant. The effect of residual VSD on aortic dilatation may be different depending on the size of the residual defect and degree of residual pulmonary stenosis; i.e., the amount of left-to-right shunt. However, it was difficult to identify the relationship between residual VSD and aortic dilatation in our study because only four patients had residual VSD.

To our knowledge, this is the first study to identify hemodynamic factors of aortic dilatation in patients with repaired TOF using 4D flow MRI. Because of the overriding aorta and consequently transformed left ventricular outflow tract anatomy, which is a fundamental feature of TOF, eccentric flow to the aorta is inevitable after TOF repair. This eccentric flow and its effect on the AA are demonstrated by our results of significantly higher FJA in the repaired TOF group than among volunteers, and significantly higher FJA in the aortic dilatation group than in the non-dilatation group. Our results suggest that, in addition to known risk factors for increased aortic flow, flow eccentricity may affect aortic dilatation in TOF patients.

Several previous studies using 4D flow MRI have reported that increased WSS is associated with aortic dilatation ([@B12][@B20]). Barker et al. ([@B21]) reported that patients with bicuspid aortic valve (BAV) have significantly higher WSS than healthy controls. However, recent studies about WSS, including a longitudinal study, have provided conflicting results. Geiger et al. ([@B22]) reported that patients with Marfan syndrome have decreased WSS in the AA, which is the site of aortic dilatation in these patients. Upon follow-up imaging, further decreased WSS was reported with statistical significance. They also reported that decreased WSS is significantly correlated with aortic dilatation and abnormal localized flow pattern ([@B22]). Farag et al. ([@B23]) reported that BAV patients show a significant negative correlation between AA diameter and peak WSS. They also reported that the surface area of increased WSS was significantly lower in patients with aortic dilatation than in those without it ([@B23]).

Our results that patients with repaired TOF have decreased WSS, increased FJA, and significant negative correlation between aortic dimensions and WSS are in line with previous reports. Recent studies have explained the relationship between aortic dilatation and WSS as a hemodynamically adaptive process rather than static state at a point ([@B22][@B23][@B24]). It has been shown that eccentric flow induced by the pathologic anatomy of patients with repaired TOF is followed by WSS increase and subsequent aortic dilatation is a compensatory response to decrease the WSS. Eccentric flow induced WSS increase can be explained by wall shear rate (WSR), which is a variable of WSS function. WSR is a function of the outermost slope of velocity profile in flowing direction. So, if the central peak velocity zone deviates toward a certain wall side, the WSS of the wall increases and the reciprocal changes can become to the opposite wall. Also, in a constant amount of flow volume, aortic dilatation will decrease the WSS by decreasing peak and mean velocities. The aortic dilatation and the WSS can be in a reciprocal relationship so that can be a cause and a result of the other. Therefore, secondarily decreased WSS with aortic dilatation in these patients is the overall result of an adaptive process.

In summary, we found that dilated aorta of patients group compared to healthy volunteers and dilated aorta of aortic dilatation group patients compared to aortic non-dilatation group show increased FJA and decreased WSS. Also age of total corrective surgery was older in aortic dilatation group compared to aortic non-dilatation group. According to these results, we think flow eccentricity which is demonstrated by increased FJA and longstanding volume overload to AA which is demonstrated by delayed operation age are important factors affecting aortic dilatation. Among the clinical and 4D flow hemodynamic parameters we evaluated, we initially hypothesized that patient\'s history of palliative operation, right sided aortic arch and residual VSD are possible factors affecting flow eccentricity and longstanding flow overload to AA. However, since only a few patients have these factors, statistical significance was difficult to be revealed. We also found that increased FD in patients group compared to healthy volunteers and aortic dilatation group compared to non-dilatation group, although without statistical significance. It might be because the FD is a normalized value by the aortic diameter. After normalization with significantly dilated aortic diameter, it might be difficult to show sufficient mean difference.

This study has several limitations. First, only 44 patients and 11 healthy volunteers were included. This small sample size was not sufficient to yield statistically significant results for some parameters such as history of palliative operation, right sided aortic arch and FD differences. So future study with larger sample size could clarify small mean difference and the possible factors more precisely. Second, we didn\'t predetermine the smallest sample size to show the differences between the two groups considering the statistical power when planning the study. However, in the analysis between healthy volunteers and patients group, we can obtain acceptable statistical power value of most significant parameters, which have *p* value less than 0.05. Third, inter-observer variability in 4D flow MRI analysis was not taken into account. Fourth, and most important, this was a cross-sectional study of adult patients with repaired TOF; therefore, the analysis could be performed only at a single time point, and a time-course analysis was not possible. Further longitudinal studies are needed to elucidate the relationship between WSS and progression of aortic dilatation. Particularly for patients with high WSS without aortic dilatation, future progression of aortic dilatation should be analyzed because of its intrinsic risk.

In conclusion, patients with repaired TOF have a dilated AA and secondarily decreased WSS. In addition to known risk factors for increased aortic flow, flow eccentricity may affect aortic dilatation in TOF patients.
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###### Supplementary Fig. 1

**4D flow data analysis.** **A.** Cropping area including thoracic aorta. **B.** Obtaining best time frame (i.e., cardiac phase) when AA is best visualized. **C.** Automated segmentation of AA at every image slice of best time frame. **D.** Manual adjustment of region of interest after automated segmentation. **E.** Marking landmarks of pulmonary artery and 1st branch of AA. **F.** 3D iso-surface image acquisition. **G.** Semi-automating drawing of centerline when two points are marked. **H.** Acquisition of quantified 4D-flow data at desired cross-section. AA = ascending aorta, 3D = three-dimensional, 4D = four-dimensional

###### Supplementary Fig. 2

**Smoothing spline curve in threshold regression test.** Threshold WSS_mean value of 0.289 Pa and matched aortic dimension of 17.02 mm/m^2^ at AA level were obtained. WSS = wall shear stress

###### Supplementary Table 1

Characteristics of Subgroups Divided by WSS Threshold at AA

![Differences in aortic dimensions between patients with rTOF and healthy volunteers.\
AA = ascending aorta, DA = descending aorta, rTOF = repaired tetralogy of Fallot, STJ = sinotubular junction](kjr-20-1334-g001){#F1}

![Representative maximal WSS maps of volunteers and patients with rTOF.\
**A.** Volunteer. **B.** Aortic dilatation with high WSS group. **C.** Aortic dilatation with low WSS group. **D.** Non-aortic dilatation with low WSS group. **E.** Non-aortic dilatation with high WSS group. WSS = wall shear stress](kjr-20-1334-g002){#F2}

###### Definitions of Hemodynamic Parameters in 4D Flow MRI ([@B14][@B25][@B26][@B27])

![](kjr-20-1334-i001)

  Parameter   Definition
  ----------- ----------------------------------------------------------------------------------------------------------------------------------------------------
  WSS         Viscous shear forces of flowing blood acting tangentially with respect to vessel wall
  WSS_max     Maximum value of magnitude of WSS vector on considered cross-section
  WSS_mean    Mean value of magnitude of WSS vector on considered cross-section
  WSS_ax      Mean value of axial component of WSS, i.e., component with direction parallel to main direction of vessel, on considered cross-section
  WSS_cir     Mean value of circumferential component of WSS, i.e., component with direction orthogonal to main direction of vessel, on considered cross-section
  FJA         Angle between mean vector of peak systolic flow and normal to cross-sectional plane
  FD          Distance between center of lumen and center of velocity of forward flow, which was normalized to lumen diameter

FD = flow displacement, FJA = flow jet angle, WSS = wall shear stress, 4D = four-dimensional

###### Comparison of Demographic Characteristics and Aortic Dimensions between Volunteers and Patients with Repaired TOF

![](kjr-20-1334-i002)

  Characteristics                 Healthy Volunteers (n = 11)   Patients with Repaired TOF (n = 44)   *P*
  ------------------------------- ----------------------------- ------------------------------------- ----------
  Men, %                          90.9                          56.8                                  0.037
  Age, years                      33.7 ± 8.8                    28.9 ± 8.4                            0.121
  Aortic diameters/BSA, mm/m^2^                                                                       
   Aortic sinus                   18.5 ± 2.2                    22.1 ± 4.0                            0.002
   STJ                            14.0 ± 2.1                    20.0 ± 3.6                            \< 0.001
   Mid AA                         15.2 ± 2.6                    17.8 ± 3.2                            0.013
   Proximal descending aorta      11.3 ± 1.3                    11.1 ± 1.3                            0.966
   Distal descending aorta        10.7 ± 1.9                    10.3 ± 1.5                            0.643

AA = ascending aorta, BSA = body surface area, STJ = sinotubular junction, TOF = tetralogy of Fallot

###### Comparison of 4D Flow Hemodynamic Parameters between Volunteers and Patients with Repaired TOF

![](kjr-20-1334-i003)

  Parameters         Healthy Volunteers (n = 11)   Patients with Repaired TOF (n = 44)   *P*
  ------------------ ----------------------------- ------------------------------------- ----------
  STJ                                                                                    
   V_max, m/s        127.6 ± 18.7                  98.9 ± 27.8                           0.002
   V_mean, m/s       83.2 ± 17.6                   51.2 ± 16.7                           \< 0.001
   FJA               7.2 ± 3.3                     15.8 ± 8.8                            \< 0.001
   FD                0.116 ± 0.075                 0.128 ± 0.075                         0.817
   WSS_max, Pa       1.020 ± 0.160                 0.784 ± 0.286                         0.003
   WSS_mean, Pa      0.495 ± 0.074                 0.324 ± 0.150                         \< 0.001
   WSSax_mean, Pa    0.196 ± 0.056                 0.158 ± 0.100                         0.023
   WSScir_mean, Pa   0.396 ± 0.068                 0.228 ± 0.110                         \< 0.001
  AA                                                                                     
   V_max, m/s        114.0 ± 15.5                  103.1 ± 72.1                          0.003
   V_mean, m/s       69.8 ± 11.5                   47.3 ± 11.5                           \< 0.001
   FJA               7.7 ± 4.9                     16.5 ± 12.0                           0.003
   FD                0.100 ± 0.072                 0.118 ± 0.074                         0.344
   WSS_max, Pa       0.770 ± 0.167                 0.880 ± 0.508                         0.736
   WSS_mean, Pa      0.345 ± 0.065                 0.303 ± 0.101                         0.053
   WSSax_mean, Pa    0.114 ± 0.046                 0.149 ± 0.103                         0.239
   WSScir_mean, Pa   0.279 ± 0.077                 0.215 ± 0.068                         0.016

V_max = maximum velocity, V_mean = mean velocity

###### Relationship of Cardiac MRI and Clinical Parameters with Aortic Dimensions

![](kjr-20-1334-i004)

  Parameter                Rho (95% CI)               *P*
  ------------------------ -------------------------- ----------
  STJ dimension, mm/m^2^                              
   WSS_max                 -0.365 (-0.598-- -0.078)   0.015
   WSS_mean                -0.454 (-0.662-- -0.182)   0.002
   WSSax_mean              -0.328 (-0.569-- -0.034)   0.030
   WSScir_mean             -0.463 (-0.668-- -0.192)   0.002
   FJA                     0.032 (-0.268--0.326)      0.837
   FD                      0.050 (-0.251--0.341)      0.750
   V_max                   -0.158 (-0.435--0.145)     0.305
   V_mean                  -0.455 (-0.662-- -0.182)   0.002
  AA dimension, mm/m^2^                               
   WSS_max                 0.164 (-0.140--0.440)      0.287
   WSS_mean                -0.339 (-0.578-- -0.047)   0.024
   WSSax_mean              -0.092 (-0.379--0.210)     0.551
   WSScir_mean             -0.431 (-0.645-- -0.154)   0.004
   FJA                     0.292 (-0.005--0.542)      0.054
   FD                      0.293 (-0.004--0.543)      0.054
   V_max                   0.227 (-0.075--0.491)      0.139
   V_mean                  -0.613 (-0.770-- -0.386)   \< 0.001

CI = confidence interval

###### Comparison between Aortic Dilatation and Non-Dilatation Groups

![](kjr-20-1334-i005)

  Characteristics            AA Dilatation Group^\*^ (n = 23)   AA Non-Dilatation Group (n = 21)   *P*
  -------------------------- ---------------------------------- ---------------------------------- ----------
  SOV diameter, mm/m^2^      22.9 (21.8--25.4)                  19.9 (17.9--21.2)                  \< 0.001
  STJ diameter, mm/m^2^      19.9 (18.2--21.8)                  16.4 (15.6--18.4)                  \< 0.001
  AA diameter, mm/m^2^       19.3 (18.0--20.6)                  16.1 (14.4--16.6)                  \< 0.001
  Male sex^†^                13 (56.5%)                         12 (57.1%)                         0.791
  Age                        27.5 (23.5--34.0)                  25.0 (22.0--31.0)                  0.179
  Palliative Op.^†^          1 (4.3%)                           3 (14.3%)                          0.526
  Age at TOF repair, years   4 (1.0--8.5)                       2 (1.0--2.25)                      0.039
  Rt. aortic arch^†^         6 (26.1%)                          6 (28.6%)                          0.879
  Residual VSD^†^            1 (4.3%)                           3 (14.3%)                          0.530
  AR (≥ grade 1)^†^          4 (17.4%)                          1 (4.8%)                           0.401
  FD at STJ                  0.145 (0.0778--0.1973)             0.085 (0.0636--0.1540)             0.080
  FJA at STJ                 17.0 (10.3--19.9)                  12.6 (8.3--19.5)                   0.503
  FD at AA                   0.122 (0.062--0.192)               0.100 (0.057--0.117)               0.217
  FJA at AA                  17.2 (12.1--25.7)                  10.1 (6.3--13.8)                   0.003
  WSS_mean at STJ            0.256 (0.185--0.372)               0.314 (0.275--0.528)               0.018
  WSS_max at STJ             0.637 (0.483--0.796)               0.886 (0.792--1.016)               0.002
  WSS_mean at AA             0.254 (0.220--0.325)               0.322 (0.254--0.352)               0.040
  WSS_max at AA              0.667 (0.582--0.902)               0.842 (0.717--0.990)               0.062
  V_mean at AA, cm/sec       38.6 (36.0--49.1)                  54.2 (47.7--60.0)                  \< 0.001
  V_max at AA, cm/sec        88.7 (68.0--110.7)                 95.7 (86.1--107.5)                 0.076
  LVEDVi, mL/m^2^            83.2 (78.1--94.1)                  77.2 (67.7--84.7)                  0.053
  LVEF, %                    58.1 (53.6--64.7)                  59.5 (53.0--62.5)                  0.549
  RVEDVi, mL/m^2^            138.8 (126.6--164.6)               119.3 (111.9--147.6)               0.307
  RVEF, %                    55.1549 (49.9892--60.7542)         50.7118 (48.0462--54.6202)         0.069

Other data are medians, with interquartile ranges in parentheses. ^\*^AA dilatation threshold value = 17.02 mm/m^2^, ^†^Data are numbers, with percentage in parentheses. AR = aortic regurgitation, LVEDVi = indexed left ventricular end-diastolic volume, LVEF = left ventricular ejection fraction, Op. = operation, RVEDVi = indexed right ventricular end-diastolic volume, RVEF = right ventricular ejection fraction, SOV = sinus of Valsalva, VSD = ventricular septal defect
